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ABSTRACT
We use the Copernicus Complexio (COCO) high resolution N -body simulations to investi-
gate differences in the properties of small-scale structures in the standard cold dark matter
(CDM) model and in a model with a cutoff in the initial power spectrum of density fluc-
tuations consistent with both a thermally produced warm dark matter (WDM) particle with
a rest mass of 3.3 keV, or a sterile neutrino with mass 7 keV and leptogenesis parameter
L6 = 8.7. The latter corresponds to the “coldest” model with this sterile neutrino mass com-
patible with the identification of the recently detected 3.5 keV X-ray line as resulting from
particle decay. CDM and WDM predict very different number densities of subhaloes with
mass ∼<109 h−1M although they predict similar, nearly universal, normalised subhalo ra-
dial density distributions. Haloes and subhaloes in both models have cuspy NFW profiles, but
WDM subhaloes below the cutoff scale in the power spectrum (corresponding to maximum
circular velocities V z=0max 6 50 kms−1) are less concentrated than their CDM counterparts.
We make predictions for observable properties using the GALFORM semi-analytic model of
galaxy formation. Both models predict Milky Way satellite luminosity functions consistent
with observations, although the WDM model predicts fewer very faint satellites. This model,
however, predicts slightly more UV bright galaxies at redshift z > 7 than CDM, but both are
consistent with observations. Gravitational lensing offers the best prospect of distinguishing
between the models.
Key words: methods: numerical, N -body simulations – cosmology: dark matter – galaxies:
evolution, high redshift
1 INTRODUCTION
Over the past three decades, advances in the scale and sophistica-
tion of numerical simulations have led to significant progress in
studies of the non-linear phases of cosmological structure forma-
tion. Simulations have played a major role in establishing Lambda
Cold Dark Matter (ΛCDM, hereafter just CDM) as the standard
model of cosmogony, helping link the theory to observations over
a large range of scales and epochs, from temperature fluctuations
in the cosmic microwave background (Planck Collaboration et al.
2014) through the large-scale distribution of galaxies (Colless et al.
2001; Zehavi et al. 2002; Hawkins et al. 2003; Tegmark et al. 2004;
? E-mail: sownak.bose@durham.ac.uk
Cole et al. 2005; Eisenstein et al. 2005) to the inner structure of
dark matter haloes (see Frenk & White 2012, for a review).
Although it is almost certainly the case that the dark matter
consists of non-baryonic elementary particles (Planck Collabora-
tion et al. 2014), the identity of the particle remains a mystery.
There are hotly debated claims that dark matter of different kinds
has been indirectly detected. The “gamma-ray excess” observed
towards the Galactic centre has been ascribed to annihilation ra-
diation of cold dark matter (Hooper & Goodenough 2011). On the
other hand the 3.53 keV X-ray line detected in the stacked spectrum
of clusters (Bulbul et al. 2014) and, independently, in the Perseus
cluster and Andromeda (Boyarsky et al. 2014) has been ascribed to
the decay of a 7 keV sterile neutrino (but see, e.g. Malyshev et al.
2014; Anderson et al. 2015; Riemer-Sørensen 2016 for different in-
terpretations). These two kinds of dark matter would produce very
c© 2016 The Authors
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similar large-scale structure but can give rise to large observable
differences on small scales.
Warm dark matter (WDM) particles have non-negligible ther-
mal velocities at early times which damp primordial density fluc-
tuations below a free streaming scale. The position of the cutoff
depends on the mass and the production mechanism of the warm
particles. If they are thermally produced, the cutoff length scales
inversely with the particle mass and, if the particle mass is in the
keV range, the cutoff corresponds roughly to the scale of dwarf
galaxies. Structure formation in such models has been extensively
studied using simulations in the past few years (e.g. Colı´n et al.
2000; Bode et al. 2001; Viel et al. 2005; Knebe et al. 2008; Schnei-
der et al. 2012; Lovell et al. 2012; Maccio` et al. 2013; Lovell et al.
2014; Reed et al. 2015; Colı´n et al. 2015; Yang et al. 2015; Bose
et al. 2016a; Horiuchi et al. 2016). The observed clumpiness of
the Lyman-α forest sets a lower limit to the mass of a dominant
thermally produced WDM particle of mWDM > 3.3 keV at 95%
confidence (Viel et al. 2013); this is consistent with a lower limit set
by the observed abundance of satellites in the Milky Way (Kennedy
et al. 2014; Lovell et al. 2016). The lower limit to the mass of ther-
mal WDM was increased tomWDM > 4.35 keV (95% confidence)
by Baur et al. (2016), who repeated the analysis of Viel et al. (2013)
with an updated sample of QSO spectra from SDSS-III. These lim-
its, however, depend on uncertain assumptions for thermal history
for the intergalactic medium (Garzilli et al. 2015).
Warm dark matter in the form of sterile neutrinos can also
form through resonant processes in the early universe (Shi & Fuller
1999). In this case, the primordial fluctuation spectrum is more
complicated and both the position and shape of the cutoff de-
pend on the formation mechanism. In the “neutrino Minimal Stan-
dard Model” (νMSM, Asaka & Shaposhnikov 2005; Boyarsky
et al. 2009) (a simple extension of the Standard Model of particle
physics) right-handed sterile neutrinos of keV mass (M1) make up
a triplet alongside two other neutrinos of GeV mass (M2 and M3).
M1 behaves as WDM. If M2 and M3 decay before the production
of the dark matter, they can create a “lepton asymmetry” (i.e. an ex-
cess of leptons over antileptons). In the presence of this asymmetry,
the production of the dark matter can be boosted by resonant pro-
duction (Shi & Fuller 1999). The result is a model with the correct
abundance of dark matter that also explains active neutrino oscilla-
tions.
The leptogenesis parameter, L6, which determines the asym-
metry, affects the cutoff scale and shape of the power spectrum cut-
off in a non-trivial way illustrated in Fig. 1. The CDM power spec-
trum is shown as a thick black line and sterile neutrino models with
particle mass of 7 keV and L6 ranging from 4.6 to 525 are shown
by colour lines. All these power spectra are essentially identical on
scales larger than log
[
k/(hMpc−1)
] ∼ 0.5, but differ on smaller
scales both in the shape and location of the cutoff which, further-
more, does not vary monotonically withL6. The power spectrum of
a thermal 3.3 keV WDM model (the limiting mass consistent with
the Lyman-α forest constraint of Viel et al. 2013) is also plotted.
This has a similar cutoff scale as the L6 = 8.66 model, which is
the “coldest” possible sterile neutrino model with a 7 keV particle
mass.
In this paper we use the Copernicus Complexio (COCO-
WARM) high resolution N -body simulation to investigate the prop-
erties of subhaloes in a WDM model. This simulation was run prior
to the discovery of the 3.5 keV line and its initial power spectrum
was chosen to correspond to a thermal 3.3 keV WDM model. This
turns out to have been a fortuitous choice since this power spec-
trum is very similar to that of the coldest 7 keV sterile neutrino, so
constraints on this model can be readily extended to all sterile neu-
trino models with a 7 keV particle mass. The formation times, mass
functions, spins, shapes, mass profiles and concentrations of haloes
in this simulation were presented in Bose et al. (2016a). Here we
focus on the properties of halo substructures.
The COCO simulations are amongst the highest resolution
WDM N -body simulations of a cosmological volume performed
to date (see Section 2. Previous simulations at higher mass resolu-
tion have focussed on properties of individual haloes (e.g. Lovell
et al. 2014; Colı´n et al. 2015). Other WDM simulations of compa-
rable mass resolution to ours (e.g. Schneider et al. 2013) followed
smaller volumes. The advantage of the relatively high mass reso-
lution and large volume of COCO is that it provides a large statis-
tical sample of well-resolved dark matter haloes spanning nearly
seven decades in mass. In particular, resolving the halo mass func-
tion down to ∼ 107 − 108 h−1 M, as COCO does, is a crucial
input to studies that attempt to distinguish amongst different types
of dark matter using strong gravitational lensing (Vegetti & Koop-
mans 2009; Li et al. 2016).
Our simulations are numerically converged down to a halo
peak circular velocity of Vmax,> 10 kms−1, thus allowing statis-
tically meaningful studies of the satellites of the Milky Way. Fur-
thermore, the high resolution of our simulations makes it possible
to construct accurate merger trees of even such small haloes and,
as a result, we can calculate their observable properties, using the
Durham semi-analytical galaxy formation model, GALFORM (Cole
et al. 2000; Lacey et al. 2016), a flexible and effective method to im-
plement the best current understanding of galaxy formation physics
into an N -body simulation.
The layout of this paper is as follows. In Section 2 we in-
troduce the COCO simulation set, which includes both the WDM
model of interest here and its CDM counterpart. In Section 3 we in-
vestigate the main properties of subhaloes: their population statis-
tics, distribution and internal structure. In Section 4 we describe
the GALFORM model and the modifications required for the WDM
case, and compare to predictions for the CDM case. Finally, we
summarise our results in Section 5.
2 THE SIMULATIONS
2.1 Simulation details
The N -body simulations used in this work, COCO, were intro-
duced by Hellwing et al. (2016) and Bose et al. (2016a), as part of
the Virgo Consortium programme. In short, COCO is a set of cos-
mological zoom-in simulations that follow about 12 billion high
resolution dark matter particles, each of mass mp = 1.135 ×
105h−1 M. The resimulation region was extracted from the
(70.4h−1 Mpc)3 parent volume, Copernicus complexio Low Res-
olution (COLOR). COLOR and COCO assume cosmological param-
eters obtained from WMAP-7: Ωm = 0.272,ΩΛ = 0.728, h =
0.704, ns = 0.967 and σ8 = 0.81. The simulations were
performed using GADGET-3, an updated version of the publicly
available GADGET-2 code (Springel et al. 2001a; Springel 2005;
Springel et al. 2008). Substructures in the simulation were iden-
tified using the SUBFIND algorithm (Springel et al. 2001b). For a
comprehensive description of the initial conditions and choice for
the zoom-in region, we refer the reader to Hellwing et al. (2016)
and Bose et al. (2016a).
COCO consists of two simulations with initial fluctuation
power spectra corresponding to CDM (COCO-COLD) and to the
MNRAS 000, 1–15 (2016)
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Simulation Cube length mWDM Np Vhr mp,hr Np,hr hr
COLOR 70.4h−1 Mpc 3.3 keV 4, 251, 528, 000 70.43 h−3 Mpc3 6.196× 106 h−1 M 4, 251, 528, 000 1h−1 kpc
COCO − 3.3 keV 13, 384, 245, 248 ∼ 2.2× 104 h−3 Mpc3 1.135× 105 h−1 M 12, 876, 807, 168 230h−1 pc
Table 1. Simulation parameters assumed in COCO and the parent simulation, COLOR. Here,mWDM is the mass of the thermal relic warm dark matter particle;
Np is the total number of particles (of all types) used in the simulation; Vhr is the approximate volume of the high-resolution region at z = 0; mp,hr is the
mass of an individual high-resolution dark matter particle;Np,hr is the total number of particles of this species; and hr is the softening length. The parameter
mWDM is only relevant for COCO-WARM.
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Figure 1. The (dimensionless) matter power spectrum for a thermal 3.3 keV
WDM (red, used in COCO-WARM), a sterile neutrino of massmνs = 7 keV
and lepton asymmetry L6 = 8.66 (blue) and CDM (black, used in COCO-
COLD). Power is significantly suppressed at small scales for both thermal
WDM and the sterile neutrino. The deviation from CDM occurs at almost
identical scales: log
[
k(h/Mpc−1)
]
& 1.0. The excess of power at high-k
for L6 = 8.66 compared to the 3.3 keV case is negligible (. 1%) for the
scales resolved in our simulations; see Appendix B in Lovell et al. (2016).
The other thin coloured lines show power spectra for 7 keV sterile neutrinos
with different values of L6, as labelled in the legend. Figure reproduced
from Bose et al. (2016a).
3.3 keV thermal relic WDM (COCO-WARM); the initial fluctuation
field had the same phases in both cases. COCO-WARM has a power
spectrum with a sharp cutoff at small scales, which is approximated
by the fitting formula:
T (k) =
(
1 + (αk)2ν
)−5/ν
, (1)
(Bode et al. 2001), where T (k) is the transfer function relating the
power spectra for CDM and WDM, ν = 1.12 is a constant, and α
is determined by the mass of the particle:
α = 0.049
[mWDM
keV
]−1.11 [ΩWDM
0.25
]0.11 [
h
0.7
]1.22
h−1 Mpc. (2)
(Viel et al. 2005). The CDM and WDM power spectra are then
related by:
PWDM(k) = T
2(k)PCDM(k). (3)
The power spectra used in the COCO simulations are shown as thick
lines in Fig. 1 and are discussed in Section 1. The main simulation
parameters are listed in Table 1. A projected density map of the
COCO volume at z = 0 is shown in Fig. 2.
2.2 Subhalo mass definitions
The mass of a halo, M∆, is defined as the mass within r∆, the ra-
dius within which the average density is ∆ times the critical density
of the Universe at the redshift at which the halo is identified. Usu-
ally ∆ = 200 is used to define the spherical overdensity within the
virialised region of the halo, but we will also use ∆ = 50 in order
to compare with the results of the AQUARIUS project simulations
(Springel et al. 2008).1 For the mass of a subhalo, Msub, we take
the mass identified by SUBFIND as the mass that is gravitationally
bound to the subhalo.
2.3 Identification and removal of numerical artefacts
Since our analysis is primarily concerned with the properties of
dark matter subhaloes and the galaxies that form in them, it is im-
portant to ensure that the merger trees have been pruned of the
artificial structures that form from evolution from a power spec-
trum with a resolved cutoff. Spurious structures along filaments
were apparent in the first WDM simulations (Bode et al. 2001) but
were only subsequently recognised as an effect of particle discrete-
ness by Wang & White (2007). A technique to eliminate spurious
objects in post-processing was developed by (Lovell et al. 2014),
while Angulo et al. (2013) and Hobbs et al. (2016) have proposed
modifications to the N -body simulation method itself to prevent
the formation of such objects in the first place.
Wang & White (2007) found that a large fraction of the spuri-
ous haloes can be removed by rejecting objects with mass below a
1 Note that in the Springel et al. (2008), r50 is the radius as which the mean
density is 200Ωm. In COCO, this would correspond to roughly r54.
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Figure 2. Projected density map in a slice of dimensions (70.4× 70.4× 1.5) h−1 Mpc centred on the COCO high resolution region at z = 0. The intensity
of the image scales with the number density of particles in the region. The side panels show zooms of a sample of haloes identified at z = 0, matched between
COCO-WARM (left) and COCO-COLD (right)
resolution-dependent threshold:
Mlim = 10.1ρ¯ d k
−2
peak , (4)
where ρ¯ is the mean matter density in the universe, d is the mean
interparticle separation and kpeak is the spatial frequency at which
the dimensionless input power spectrum, ∆2(k), has its maximum.
Lovell et al. (2014) found that particles in spurious haloes in WDM
originate from Lagrangian patches that are much flatter than the
corresponding Lagrangian patches in CDM.
Lovell et al. (2014) devised the following procedure for iden-
tifying spurious haloes. Defining Mmax as the maximum mass at-
tained by a halo during its evolution, and shalf−max as the spheric-
ity (c/a, where c is the minor and a the major axis of a uniform
density ellipsoid with the same inertia tensor) of the halo parti-
cles (at high redshift) when it attains half of its maximum mass,
we: (1) discard all (sub)haloes with shalf−max < scut, irrespective
of mass, and (2) for those that pass (1), remove (sub)haloes with
Mmax < 0.5Mlim. The threshold sphericity in step (1) is chosen
such that 99% of CDM haloes are rounder than scut. This thresh-
old sphericity needs to be calculated for haloes identified at each
redshift; at z = 0, scut = 0.165. The factor of 0.5 in step (2) was
obtained by comparing different resolution levels of warm dark ver-
sions of the AQUARIUS simulations (see Lovell et al. 2014, for de-
tails). We apply this procedure to (sub)haloes in every snapshot in
our simulation; branches in the merger tree that contain a spurious
object are pruned from the tree.
3 DARK MATTER SUBSTRUCTURE
In this section we study the dark matter substructure in the COCO-
COLD and COCO-WARM simulations, quantifying their abundance,
distribution and internal structure. The general trend we find is that
the largest subhaloes in COCO-WARM and COCO-COLD are indis-
tinguishable but differences become increasingly significant below
∼ 5× 109 h−1 M.
3.1 The abundance of subhaloes
Fig. 3 shows the present-day differential mass function of sub-
haloes, dn/d log(Msub), as a function of mass, Msub, in COCO-
COLD (blue) and COCO-WARM before (green) and after (red) the
removal of artefacts. The lower panel shows the ratio of abun-
dances in COCO-WARM relative to COCO-COLD. The mass func-
tion, dn/d log(Msub), is normalised by noting that the irregular
volume of the high resolution region has a mean density roughly
equal to the mean matter density in the Universe. Combining this
with the total mass represented by high resolution particles, we can
estimate the volume of the high resolution region.
MNRAS 000, 1–15 (2016)
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Figure 3. Upper panel: the number density of subhaloes as a function of
subhalo mass, Msub, for COCO-COLD (blue), COCO-WARM with all ob-
jects included (green), and COCO-WARM with spurious structures removed
(red). The shaded region around each curve represents the Poisson uncer-
tainty in the number counts in that bin. The vertical black dashed line marks
the half-mode mass, Mhm, for the 3.3 keV thermal relic. The grey shaded
region demarcates the resolution limit of our simulations, set at 300 parti-
cles, which was determined by requiring convergence of the mass function
compared with the lower-resolution version of COCO-COLD, COLOR-COLD.
Lower panel: the ratio of the two COCO-WARM mass functions to the COCO-
COLD mass function.
For Msub > 1010 h−1 M the three mass functions agree
very well. These haloes have masses well above the free streaming
scale and no spurious objects form on these scales. BelowMsub ∼
5 × 109 h−1 M, the COCO-WARM mass function begins to peel
off from COCO-COLD and by ∼ 3 × 108 h−1 M it is suppressed
by a factor of two. This mass is close to the “half-mode mass”,
Mhm, defined as the mass associated with the wavenumber, khm,
at which the transfer function in Eq. 1 falls to half the CDM value:
khm =
1
α
(
2ν/5 − 1
)1/2ν
=
2pi
λhm
≈ 34 hMpc−1. (5)
The half-mode mass (linearly extrapolated to z = 0) is then:
Mhm =
4pi
3
ρ¯
(
λhm
2
)3
≈ 2.5× 108 h−1 M . (6)
Fig. 3 shows that the abundance of subhaloes in COCO-WARM is
suppressed by a factor of three at Mhm. Spurious subhaloes begin
to dominate the mass function at a mass an order of magnitude be-
low Mhm. Before that happens, and still well above the resolution
limit, at Msub ∼ 108 h−1 M, the “cleaned” COCO-WARM mass
function (i.e. after subtraction of spurious objects) is already a fac-
tor of 5 below the CDM case and shows a sharp turnover. The lower
panel in the figure shows these trends more clearly. Removal of the
spurious subhaloes is clearly important to obtain an accurate pre-
diction for the abundance of low-mass galaxies in WDM models.
The statistics in COCO are good enough to allow the sub-
halo mass function to be calculated for different parent (host) halo
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Figure 4. Upper panel: the stacked differential subhalo mass function as a
function parent halo mass, expressed in units of Msub/M200. The CDM
case is shown with solid lines and the WDM case with dashed lines. The
different colours correspond to different host halo mass ranges as indicated
in the legend. The lines become thinner when a given subhalo has fewer
than 300 particles i.e., when µ ×Mhost200,mid > 300mp, where Mhost200,mid
is the centre of the host halo mass bin, andmp is the high resolution particle
mass. Lower panel: ratio of the differential subhalo mass functions in WDM
to those in CDM.
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Figure 5. As Fig. 4, but with subhalo abundance expressed as a function
of V corrmax /V200, where V
corr
max is the maximum circular velocity, Vmax, cor-
rected for the effects of gravitational softening as indicated in the legend
(see main text). The lines become thinner when Vmax < 10 kms−1, which
is the circular velocity to which the simulations are complete.
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Figure 6. Stacked radial number density profiles of subhaloes, n(r), in different mass ranges (different colours), normalised to the mean number density in that
mass range within r50 (〈n〉50). The profiles are plotted as a function of the distance from the host halo centre (with massMHost50 = [1− 3] · 1013 h−1 M).
Left: CDM; right: WDM. The dashed black line shows the Einasto profile fit to the COCO-COLD profiles, with the fit parameters r−2 and α quoted in the plot.
Only subhaloes with more than 300 particles are shown.
masses. The result is shown in Fig. 4, which gives the (stacked) dif-
ferential mass functions of subhaloes as a function of the relative
mass, µ ≡Msub/M200 (i.e., the subhalo mass in units of the parent
halo mass), in three bins of host halo mass. The COCO-COLD func-
tions are shown with solid lines and the COCO-WARM ones with
dashed lines. In both cases, the lines become thinner for subhaloes
with fewer than 300 particles. The lower panel of Fig. 4 shows the
ratio of the differential subhalo mass functions in COCO-WARM to
those in COCO-COLD.
The solid lines in the upper panel of Fig. 4 illustrate the invari-
ance of the CDM subhalo mass function, when expressed in terms
of µ, previously seen by Springel et al. (2008), Gao et al. (2012)
and Cautun et al. (2014). The relation is well described by a nearly
universal power law (the turnover in the mass function towards low
masses is due to incompleteness caused by the resolution of the
simulations.) The scale invariance is broken in the case of COCO-
WARM, where the mass function deviates from a power law at larger
values of µ for smaller host haloes. This can be understood from
the fact that, when expressed in units of the host halo mass, the
cutoff scale (or, equivalently, Mhm) is reached earlier in lower host
masses. The abundance of subhaloes is only slightly affected for
a host of mass M200 = 1013 h−1 M, but is strongly suppressed
for M200 = 1011 h−1 M (for which µ = 10−3 corresponds to
Msub = 10
8 h−1 M).
Given the ambiguity in the definition of subhalo mass, an al-
ternative property used to count bound substructures is in terms
its value of Vmax, defined as the maximum of the circular veloc-
ity curve. Furthermore, this quantity is measurable for many real
satellites (where the rotation curve of the satellite can be mea-
sured) so it provides a better way than the mass to compare the
simulations to observations. The upper panel of Fig. 5 shows the
“Vmax function,” that is the number of subhaloes as a function of
ν ≡ Vmax/V200, where V200 is the circular velocity of the parent
halo at r200. Springel et al. (2008) found that the convergence of
the Vmax function improves markedly when Vmax is corrected for
the effects of gravitational softening:
V corrmax = Vmax
[
1 + (/rmax)
2]1/2 . (7)
This correction is important for subhaloes whose rmax (the ra-
dius at which Vmax occurs) is not much larger than the gravita-
tional softening, . The gravitational softening adopted in COCO
( = 230 h−1 pc) is quite small and we have checked that the cor-
rection does not have a significant impact in our results. For CDM,
the scale invariance of the subhalo abundance expressed in terms
Vmax is much clearer than when the abundance is expressed in
terms of mass, as may be seen by comparing Figs. 4 and 5, confirm-
ing the earlier results of Moore et al. (1999); Kravtsov et al. (2004);
Zheng et al. (2005); Springel et al. (2008); Weinberg et al. (2008);
Klypin et al. (2011); Wang et al. (2012); Cautun et al. (2014)
It is clear from Figs. 4 and 5 that, when expressed in dimen-
sionless units such as µ or ν, the subhalo abundance in CDM is
close to universal, independent of parent halo mass. In WDM the
cutoff in the power spectrum breaks this approximately self-similar
behaviour and the subhalo abundance is no longer a universal func-
tion.
3.2 Radial distribution
Perhaps surprisingly, Springel et al. (2008) found that the nor-
malised radial number density distribution of subhaloes is ap-
proximately independent of subhalo mass (see also Ludlow et al.
2009; Hellwing et al. 2016). Han et al. (2016) has provided a
simple analytical model that explains this feature, as well as
the shape of the subhalo mass function in CDM, as resulting
from tidal stripping. The subhalo radial distributions in COCO are
shown in Fig. 6, which gives the radial number density of sub-
haloes in different mass ranges, normalised by the mean num-
ber density of subhaloes within r50 at z = 0. The distribu-
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tions are averaged over 6 parent haloes with mass in the range
1 × 1013 h−1 M < MHost50 < 3 × 1013 h−1 M, which
are the best resolved in the simulation. The radial positions of the
subhaloes are given in units of r50. Only subhaloes resolved with
more than 300 particles are included.
The dashed black lines in Fig. 6 give a fit to the CDM subhalo
number density profiles using the Einasto profile (Einasto 1965;
Navarro et al. 2004):
ln
(
n
n−2
)
= − 2
α
[(
r
r−2
)α
− 1
]
, (8)
where n−2 is the characteristic number density at the scale radius
r = r−2. The values of r−2 and shape parameter, α, given in the
legend. The fit is to COCO-COLD profile and the same curve is re-
produced in the COCO-WARM panel.
The fit to the CDM subhalo profile also provides an excel-
lent fit to the WDM profile, particularly at large radii. There are,
however, differences of detail. The distribution of the more massive
(Msub > 109 h−1 M) subhaloes beyond r > 0.2r50 is very simi-
lar in COCO-COLD and COCO-WARM. This regime is unaffected by
the free streaming cutoff in COCO-WARM. Differences in the radial
distribution of these more massive subhaloes can be attributed to
small statistics: only six ∼ 1013 h−1 M haloes contribute to the
average shown in Fig. 6. The profiles of the less massive subhaloes
(Msub < 109 h−1 M) in WDM are somewhat steeper towards the
centre than those in CDM. These subhaloes have masses below the
cutoff scale,Mhm, and their properties are affected by the cutoff. In
particular, they form later than their CDM counterparts of the same
mass today and, as a result, they have lower concentrations. These
subhaloes experience more mass loss from tidal stripping after in-
fall.
The approximate agreement of the subhalo radial distributions
in COCO-COLD and COCO-WARM as well as the differences of de-
tail are consistent with the analytic model proposed by Han et al.
(2016). In this model, the z = 0 radial number density of sub-
haloes, n, with mass, m, at distance, R, from the host halo centre
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is given by:
dn(m,R)
d lnm
∝ m−αRγρ(R) , (9)
where α is the slope of the subhalo mass function evaluated at m,
ρ(R) is the density profile of the host dark matter halo, γ = αβ,
and β ∼ 1 for an NFW density profile. The subhalo number den-
sity profile is suppressed relative to the host density profile by the
factor Rγ . In COCO-COLD, the subhalo mass function follows a
single power law but, in COCO-WARM, it has the same slope as in
COCO-COLD for Msub > 1010 h−1 M and a shallower slope be-
low that (see Fig. 3). A shallower slope results in a smaller value
of α and therefore γ. Eq. 9 then predicts that, compared to CDM,
the radial number density profile of small mass subhaloes should
be suppressed less relative to the halo density profile for subhaloes.
This explains why the two lowest subhalo mass bins in Fig. 6 ex-
hibit steeper radial density profiles than the two highest mass bins.
An alternative way to examine the spatial distribution of sub-
structures is to plot the fraction of mass within a given radius that
is contained in substructures. This is shown in Fig. 7 for differ-
ent ranges of host halo mass in COCO-COLD and COCO-WARM.
The radial distributions have roughly the same shape in the two
cases but the subhalo mass fractions are systematically lower in
COCO-WARM than in COCO-COLD. In both cases, the substruc-
ture mass fractions are higher in more massive host haloes, par-
ticularly in the inner regions. For example, for host haloes of mass
MHost50 = (1−3)×1013 h−1 M resolved substructures in COCO-
WARM contain about 10% of the halo mass within r = r50, but only
about 4% for host haloes of massMHost50 = (1−3)×1011 h−1 M.
For reference, haloes (and subhaloes) contain 48% of the total mass
in the simulation in COCO-WARM and 56% in COCO-COLD. In
CDM simulations these fractions depend on resolution, but not so
in COCO-WARM where the cutoff in the power spectrum is resolved.
3.3 Internal structure
The density profiles of WDM haloes and subhaloes are cuspy and
well described by the NFW (Navarro et al. 1997) form (Lovell
et al. 2012; Schneider et al. 2012). However, the later formation
times of WDM haloes of mass near the cutoff scale, compared
to their CDM counterparts of the same mass, causes them to be
less concentrated. In Bose et al. (2016a) we characterised the den-
sity and mass profiles of haloes in COCO-WARM over a range
of halo masses and obtained the concentration-mass relation for
WDM haloes (see also Ludlow et al. 2016). In summary, the den-
sity profiles of the largest haloes in COCO-WARM (roughly two
orders of magnitude above Mhm) are indistinguishable from their
matched haloes in COCO-COLD, but the profiles of haloes of mass
M200 < 7 × 1010 h−1 M have systematically lower concentra-
tions. In contrast with the power-law concentration-mass relation in
CDM, the relation in WDM turns over at below ∼ 1010 h−1 M.
Calculating the concentration of subhaloes from their den-
sity profiles is not straightforward because the mass of a subhalo
and therefore its “edge” are ambiguous. As Springel et al. (2008)
showed, the size calculated by the SUBFIND algorithm (that is the
radius of the saddle point in the density profile) coincides with the
‘tidal’ radius. Defining the concentration of the subhalo using this
radius is not particularly useful because its value varies along the
orbit. A more useful measure of subhalo concentration is the ratio
Vmax/rmax. In both WDM and CDM, the relation between Vmax
and rmax has a lower normalisation for subhaloes than for “field
haloes” because of tidal stripping.
The fractional change in Vmax between the moment of infall
and the present day is shown in Fig. 8 for subhaloes (within r50)
of the most massive haloes in COCO-COLD and COCO-WARM, as a
function of the present day maximum circular velocity, V z=0max (see
also Diemand et al. 2007; Pen˜arrubia et al. 2008). The largest sub-
haloes, with V z=0max > 50 kms−1, experience a reduction in Vmax by
a factor of 1.25− 1.30 after infall in both COCO-COLD and COCO-
WARM. Subhaloes of lower mass show significant differences be-
tween the two simulations. For example, at V z=0max = 20 kms−1,
COCO-WARM subhaloes have experienced a reduction in Vmax by a
factor of ∼ 1.35 since infall, compared to ∼ 1.25 for COCO-COLD
subhaloes.
The rmax − Vmax relations in COCO-COLD and COCO-WARM
are shown in Fig. 9. For large subhaloes the two are very similar
but the relations begin to diverge at values of Vmax below of a few
tens of kilometres per second, depending on the mass of the host
halo. In this regime, haloes of a given Vmax have larger rmax in
COCO-WARM than in COCO-COLD and are therefore less concen-
trated. In both COCO-COLD and COCO-WARM subhaloes are more
concentrated than field haloes, as a result of tidal stripping, but the
difference between field haloes and subhaloes is larger in COCO-
WARM than in COCO-COLD. This reflects the greater tidal strip-
ping experienced by COCO-WARM subhaloes, which have lower
concentrations when they fall into the host halo. As a result, the
concentrations of subhaloes in COCO-WARM increase more than
those in COCO-COLD after infall. Overall, however, COCO-WARM
subhaloes of a given mass (or Vmax ) still have lower concentrations
than COCO-COLD subhaloes. As noted in Hellwing et al. (2016), the
importance of tidal stripping depends weakly on host halo mass: at
a given Vmax, the reduction in rmax between field haloes and sub-
haloes is slightly larger for larger host halo masses
MNRAS 000, 1–15 (2016)
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4 GALAXY FORMATION WITH WARM DARK MATTER
Our analysis so far has been restricted to the dark matter prop-
erties of a 3.3 keV thermal relic or, equivalently, a 7 keV sterile
neutrino with leptogenesis parameter, L6 = 8.66, the “coldest”
7 keV sterile neutrino compatible with the observed 3.5 keV X-ray
line. While future gravitational lensing surveys may provide a di-
rect way to measure the mass function of dark matter substructures
and thus distinguish CDM from WDM (Vegetti & Koopmans 2009;
Li et al. 2016), it is worth investigating whether CDM and WDM
can be distinguished with current observations. At high redshift,
the observed clumpiness of the Lyman-α forest has been used to
rule out WDM models with thermally produced particles of mass
mWDM 6 3.3 kev (Viel et al. 2013). As mentioned in Section 1,
constraints obtained from the Lyman-α forest depend on assump-
tions for the thermal history of the IGM.
To compare the models with other astronomical data we need
to populate the dark matter subhaloes with galaxies. This can be
done in three ways. One is to use empirical prescriptions such
as “abundance matching” (see e.g. Reed et al. 2015) but Sawala
et al. (2015) have shown that this technique breaks down for halo
masses < 1010 h−1 M – precisely the scale of interest in WDM.
The failure of abundance matching in this regime is due to the
physics of reionisation, which inhibits the formation of stars in
low mass haloes after the epoch of reionisation, and to the effects
of supernovae feedback. A second technique are hydrodynamical
simulations but these are computationally expensive and, to date,
only limited WDM cosmological simulations have been carried out
(e.g. Herpich et al. 2014; Carucci et al. 2015; Gonza´lez-Samaniego
et al. 2016). The third approach, the one we use here, is semi-
analytical modelling of galaxy formation, a flexible and powerful
technique that requires only modest computational resources. We
apply the Durham semi-analytic model, GALFORM, to halo merger
trees in COCO-COLD and COCO-WARM. This model includes de-
tailed treatments of gas cooling, star formation, metal production,
galaxy mergers and instabilities, black hole growth and feedback
from energy released by stellar evolution and AGN. This model
was previously used by Kennedy et al. (2014) to set a lower limit
to the mass of thermally produced WDM particles.
Details of the modelling in GALFORM may be found in the
papers presenting the original formulation of the model (Cole et al.
2000) and its latest version (Lacey et al. 2016). Here we use this
latest model for both COCO-COLD and COCO-WARM without any
modification2.
2 Kennedy et al. (2014) found that a small modification to one of the super-
novae feedback parameters was required for their WDM models to produce
acceptable bJ andK-band luminosity functions at z = 0. The particle mass
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nosity functions from GALFORM applied to halo merger trees constructed
from the COCO-COLD (blue) and COCO-WARM (red) simulations (see text
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2002, Cole et al. 2001 and Driver et al. 2012.
4.1 Field and satellite luminosity functions
The galaxy luminosity functions in the bJ and K-bands in COCO-
COLD (see also Guo et al. 2015) and COCO-WARM are compared
with observational data in Fig. 10. The parameters controlling su-
pernova feedback in GALFORM are calibrated to reproduce the ob-
served luminosity functions at z = 0 in these bands. The two mod-
els predict essentially identical luminosity functions except at faint
magnitudes where there are slightly fewer galaxies in WDM, as a
result of the lower abundance of small mass haloes in this model.
At the faintest magnitudes plotted the difference is only about 25%,
smaller than the observational error bars. Due to the small volume
of the COCO high resolution region, there are only a few bright
galaxies in the simulations, as reflected in the large Poisson errors
bars at the brightest magnitudes.
Fainter galaxies than those plotted in Fig. 10 are only de-
tectable in the nearby Universe, particularly in the Local Group.
Only a few tens of satellites have been discovered orbiting the
haloes of the Milky Way and Andromeda. This number is much
smaller than the number of small subhaloes seen in CDM simula-
tions of galactic haloes and this observation has often been used to
motivate WDM models. In fact, it has been shown, using a variety
in the model we are considering here, 3.3 keV, is sufficiently large that not
even this minor modification is required.
of modelling techniques, that most of these small subhaloes are not
able to make a visible galaxy either because their gas is heated by
reionisation or expelled altogether by supernovae explosions. The
earliest explicit demonstration of this simple physics was provided
by the semi-analytic models of Bullock et al. (2000) and Benson
et al. (2002) and the latest by the APOSTLE hydrodynamic simula-
tions of Sawala et al. (2016).
In fact, WDM models can be constrained by the observed
number of faint satellites because if the particle mass is too small
not enough subhaloes would form to account even for the observed
number of satellites in the Milky Way (which may be underes-
timated because of incompleteness in current surveys). Kennedy
et al. (2014) used this argument to set constraints on the allowed
masses of thermally produced WDM particles. These constraints
depend on the assumed mass of the Milky Way halo because the
number of subhaloes scales with the mass of the parent halo (as
seen, for example, in Fig. 4 above). Kennedy et al. (2014) find
that all thermal WDM particle masses are ruled out (at 95% con-
fidence) if the halo of the Milky Way has a mass smaller than
7.7×1011 h−1 M, while if the mass of the Galactic halo is greater
than 1.3 × 1012 h−1 M only WDM particle masses larger than
2 keV are allowed.
We perform a similar analysis here. Fig. 11 shows the cu-
mulative number of satellites as a function of V -band magni-
tude, MV , in COCO-COLD and COCO-WARM for three bins of host
halo mass, with median values of 1.2 × 1012, 1.6 × 1012 and
2.0 × 1012 h−1 M. The luminosity function of satellites in the
Milky Way, shown by the black solid lines in the figure, include
the 11 classical satellites. For MV < −11, the data has been ob-
tained from the direct observations of McConnachie (2012). The
abundance of ultra-faint satellites found in the SDSS has been cor-
rected for incompleteness and partial sky coverage by Koposov
et al. (2008). The faint objects recently discovered by DES (Bech-
tol et al. 2015; Drlica-Wagner et al. 2015) are represented by the
black diamond following the analysis of (Jethwa et al. 2016) who
find that of the 14 newly-detected satellites, 12 have > 50% prob-
ability of having been brought in as satellites of the LMC (at 95%
confidence). Jethwa et al. (2016) extrapolate the detected popula-
tion to estimate that the Milky Way should have ∼ 180 satellites
within 300 kpc, in addition to 70+30−40 Magellanic satellites in the
V -band magnitude range −7 < MV < −1 (68% confidence). All
observational error bars in Fig. 11 are Poisson errors, with volume
corrections made where appropriate. In order to match the observa-
tional selection, only satellites within 300 kpc of the central galaxy
are included.
The satellite luminosity functions are very similar in
COCO-COLD and COCO-WARM. Only at magnitudes fainter
than MV ' − 4 does the number of satellites in
COCO-WARM begin to drop below the number in COCO-
COLD. The models agree with the data so long as the Milky
Way halo mass is Mhost200 ∼< 1.2 × 1012 h−1 M. For
Mhost200 ∼ 1.6 × 1012 h−1 M, both COCO-COLD and COCO-
WARM significantly overpredict the number of satellites even at rel-
atively bright magnitudes, MV ∼ −10, where the known sample
is unlikely to be significantly incomplete. There is a significant dif-
ference in the abundance of satellites with magnitude MV ∼ −1,
the regime where DES has just begun to uncover ultra-faint dwarf
galaxies. These new data could potentially be used to set strong
constraints on the mass of the WDM particle. It must be borne in
mind that the exact location of this (extrapolated) DES data point
depends on the DES selection function, detection efficiency, and
assumptions made about isotropy in the distribution of Milky Way
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satellites. Furthermore, although we have used a well-tested, state-
of-the-art model of galaxy formation, these conclusions depend on
assumptions in the model, particularly on the treatment of reionisa-
tion and supernovae feedback (Hou et al. 2016).
4.2 Evolution of the UV luminosity function
The evolution of luminosity function in the rest-frame UV traces
the star formation history in the Universe. Although still rather
scarce and uncertain, data now exist out to redshift z ∼ 10. Since
the formation of structure begins later in WDM models than in
CDM we might naı¨vely expect to find fewer star-forming galaxies
at high redshift in COCO-WARM than in COCO-COLD. The actual
predictions are shown in Fig. 12, which reveals that, in fact, the re-
sult is exactly the opposite: at z > 5, the UV luminosity function
has a higher amplitude in COCO-WARM than in COCO-COLD. The
reason for this is that, in CDM, supernovae-driven winds limit the
reservoir of cold, potentially star-forming, gas in low-mass galax-
ies at early times. The brightest UV galaxies at high redshift tend
to be starbursts triggered by mergers of these relatively gas poor
galaxies (Lacey et al. 2016). By contrast in WDM, the first galax-
ies that collapse are more massive than their CDM counterparts and
more gas rich, thus producing brighter starbursts when they merge.
This makes the formation of bright galaxies at high redshift more
efficient in WDM than in CDM.
Although both COCO-COLD and COCO-WARM somewhat un-
derpredict current observations at z > 7, the data have large sta-
tistical, and potentially systematic errors since these objects are
rare and current surveys cover relatively small volumes. If any-
thing, COCO-WARM is closer to the data than COCO-COLD. This
result is broadly consistent with those of Dayal et al. (2015) who
used a simpler model of galaxy formation to derive the UV lumi-
nosity function in WDM models. The existence of a population of
star-forming galaxies in COCO-WARM at z > 8 has the additional
benefit that enough ionising photons are produced at early times to
reionise the universe by z ' 8, as required by the optical depth
to reionisation inferred from Planck (Planck Collaboration et al.
2014). Reionisation in WDM models is discussed in detail by Bose
et al. (2016b).
Fig. 13 helps visualise the counter-intuitive result just de-
scribed. In the left panel we plot, as a function of redshift,
the stellar mass growth, M?(z), averaged over all galaxies with
1 × 107 h−1 M < M? < 5 × 107 h−1 M at z = 7 in
COCO-WARM (red) and COCO-COLD (blue). This range of stellar
mass corresponds to galaxies brighter than MAB (UV) 6 − 17
in Fig. 12. M?(z) is normalised to the stellar mass of the galaxy
at z = 7, M?(z = 7). The stellar mass assembly in COCO-WARM
is delayed relative to that in COCO-COLD because the earliest pro-
genitors form later in COCO-WARM. For 12 > z > 8, the build-up
of stellar mass is gradual in both COCO-COLD and COCO-WARM,
although the slope of the mass growth is steeper in the latter i.e.,
more stellar mass builds up per unit redshift in COCO-WARM than in
COCO-COLD. This is supported by the right panel of Fig. 13, which
shows the evolution of the specific star formation rate (sSFR) of
these galaxies. COCO-WARM galaxies exhibit systematically higher
sSFRs than COCO-COLD up to z = 8. This is in consistent with
our earlier suggestion that COCO-WARM galaxies are formed out
of more gas-rich progenitors. Mergers of these gas-rich progenitors
allows galaxies in COCO-WARM to “catch-up” with those in COCO-
COLD after their delayed start of star formation.
At z 6 3 the UV luminosity functions in COCO-COLD and
COCO-WARM are indistinguishable even down to magnitudes as
faint as MAB(UV) ≈ −10. These galaxies form in haloes of mass
∼ 1010 h−1 M, the scale at which the subhalo mass functions
in COCO-WARM just begin to diverge from those in COCO-COLD
(see Fig. 3). At even fainter magnitudes (MAB(UV) > −7, not
shown), the luminosity function for COCO-WARM is strongly sup-
pressed relative to COCO-COLD but these magnitudes are far below
the detection limits of even the JWST.
We have checked that the results in this section are not sensi-
tive to the specific version of the GALFORM model used. The result
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in Fig. 12 holds for the Gonzalez-Perez et al. (2014) model, with
and without the assumption of gradual ram-pressure stripping of
hot gas in satellite galaxies (Font et al. 2008), as well as for the Hou
et al. (2016) model in which supernova feedback is much weaker
than in our standard model at high-z and becomes progressively
stronger at lower redshift. The simpler model by Dayal et al. (2015)
is forced to match the observed UV luminosity function at high-z
and cannot, by construction, exhibit any differences between WDM
and CDM.
4.3 Other galactic observables
In addition to the galaxy properties just discussed, we have ex-
plored a number of others, such as colour and metallicity distribu-
tions; sizes; the Tully-Fisher relation; and spatial clustering. We do
not find any significant, potentially observable differences between
COCO-COLD and COCO-WARM. This conclusion reinforces the
point that, apart from the details discussed in Section 4.1 and 4.2,
galaxy formation is very similar in CDM and in a 7 keV sterile
neutrino (or a 3.3 keV thermal WDM) model.
5 SUMMARY AND CONCLUSIONS
Using the Copernicus Complexio (COCO) high resolution dark mat-
ter simulations (Hellwing et al. 2016), we have carried out a thor-
ough investigation of the small-scale differences between CDM and
a model with the same phases but with a cutoff in the initial power
spectrum of fluctuations that can be interpreted either as that of the
“coldest” sterile neutrino model compatible with the recently de-
tected 3.5 keV X-ray line or as a 3.3 keV thermal particle model.
The subhalo mass functions in the two models (COCO-COLD
and COCO-WARM) are identical at high masses but the number den-
sity of COCO-WARM subhaloes begins to fall below that of COCO-
COLD subhaloes at ∼ 5 × 109 h−1 M and is very strongly sup-
pressed below ∼ 2.5 × 108 h−1 M, the half-mode mass in the
initial power spectrum, When the number counts are expressed in
units of parent halo properties such asMsub/M200 and Vmax/V200,
we find that the subhalo mass and Vmax functions in COCO-COLD
follow a nearly universal profile with little dependence on host halo
mass, confirming earlier results (Moore et al. 1999; Kravtsov et al.
2004; Zheng et al. 2005; Springel et al. 2008; Weinberg et al. 2008;
Wang et al. 2012; Cautun et al. 2014). This self-similar behaviour
does not occur in COCO-WARM.
The normalised radial distribution of subhaloes in both mod-
els is independent of the mass of the subhaloes. In the case of
COCO-WARM this behaviour extends to the smallest subhaloes in
the simulation, with Msub ' 108 h−1 M, although there is a
slight steepening of their profile in the very central parts of the halo.
Our findings extend the results from the AQUARIUS and PHOENIX
simulations (Springel et al. 2008; Gao et al. 2012) and lend support
to the model proposed by Han et al. (2016) in which the mass in-
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Figure 13. Left panel: the average stellar mass growth of all galaxies with mass 1 × 107 h−1M < M? < 5 × 107 h−1 M in COCO-COLD (blue) and
COCO-WARM (red). The mass as a function of redshift, M?(z), is normalised to the final stellar mass at z = 7. The number of galaxies averaged over in each
simulation is indicated in the plot with the corresponding colour. Right panel: the specific star formation history as a function of the age of the Universe. The
galaxies averaged over are the same as in the left panel.
variance of the radial distribution results from the effects of tidal
stripping. The radial density profiles are well approximated by ei-
ther the NFW or Einasto forms.
Subhaloes in both COCO-COLD and COCO-WARM are cuspy
and follow the NFW form. Small-mass WDM haloes, in gen-
eral, are less concentrated than CDM haloes of the same mass
reflecting their later formation epoch. For WDM subhaloes with
V z=0max 6 50 kms−1, the difference is exacerbated because their
lower concentrations make them more prone to tidal stripping after
they are accreted into the host halo.
In order to check if the two models can be distinguished with
current observations, we populated the haloes with model galaxies
whose properties were calculated using the Durham semi-analytic
galaxy formation model, GALFORM. We used the latest version
of GALFORM (Lacey et al. 2016) without needing to adjust any
model parameters for COCO-WARM. The COCO-COLD and COCO-
WARM bJ and K-band luminosity functions at z = 0 are very
similar, except at the faintest end where there are slightly fewer
dwarfs in COCO-WARM; both models give a good match to the ob-
servations. The same is true at the fainter magnitudes represented
by the satellites of the Milky Way: both models agree with cur-
rent data provided the mass of the Milky Way halo is less than
M200 = 1.2 × 1012 h−1 M. The two models could be distin-
guished if the satellite luminosity function faintwards ofMV ∼ −3
or −4 could be measured reliably because COCO-WARM predicts
about half the number of satellites as COCO-COLD at these lumi-
nosities.
The only other significant difference that we have found be-
tween COCO-COLD and COCO-WARM is in the UV luminosity
function at z > 7 where there are more UV-bright galaxies in
COCO-WARM than in COCO-COLD. The qualitative difference be-
tween the UV luminosity functions in COCO-WARM and COCO-
COLD is not strongly affected by the treatment of baryon physics
in the GALFORM semi-analytic model. This difference, however (a
factor of∼ 2 at z > 8), cannot be detected with current data. None
of the other galaxy properties we examined: colour and metallic-
ity distributions, scaling relations, spatial clustering, etc. differ in
the two models in the regime where these properties can be studied
observationally.
In summary, the “coldest” sterile neutrino model compatible
with the identification of the recently detected 3.5 keV X-ray line
as resulting from the decay of these particles cannot, at present,
be distinguished from a CDM model by observations of galaxies,
ranging from the satellites of the Milky Way to the brightest star-
bursts at z = 10. The two models are drastically different in their
dark matter properties on subgalactic scales where the sterile neu-
trino model predicts orders of magnitude fewer subhaloes of mass
M∼<108 h−1 M than produced in CDM. These small masses are,
in principle, accessible to gravitational lensing (Vegetti & Koop-
mans 2009; Li et al. 2016), and it is to be hoped that future surveys
will be able conclusively to rule out one or the other or both of these
models.
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